Introduction
EPIC (Earth Polychromatic Imaging Camera) is a 10-channel spectroradiometer (317 -780 nm) onboard DSCOVR (Deep Space Climate Observatory) spacecraft. EPIC provides 10 narrow band spectral images of the entire sunlit face of Earth from sunrise to sunset. The DSCOVR spacecraft is located at the Earth-Sun Lagrange-1 (L1) point giving EPIC a unique angular perspective at almost backscattered direction with scattering angle between 168 o 2 and 176 o . EPIC level 1 data is available from the NASA Langley Atmospheric Science Data Center (ASDC) (https://eosweb.larc.nasa.gov/project/dscovr/dscovr_table).
In addition to the 'red' (680 nm), 'green' (551 nm), 'blue' (443 nm), and the NIR (780 nm) channels, EPIC also has two O2 absorbing channels: the A-band (764±0.2 nm) and B-band (687.75±0.2 nm). The EPIC Normalized Difference Vegetation Index (NDVI) used to monitor the vegetation dynamics is defined as the difference between NIR and 'red' channels normalized to their sum (Tucker, 1979) . Obviously, at least for dense vegetation, if atmospheric correction is not accurate enough or there are thin clouds in the field of view of EPIC, the NDVI will be biased towards smaller values and the density of vegetation will be underestimated. Can the effect of atmosphere on remote sensing of surface reflectance be mitigated if the O2 B-band is used instead of the 'red' channel?
Consider the top-of-atmosphere (TOA) bidirectional reflection factor (BRF) R λ expressed as
As usual, here Ω=(μ,φ) and Ω 0 =(μ 0 ,φ 0 ) are the directions of reflected and the incident radiation with μ and μ 0 are cosines of viewing and solar zenith angles, and φ and φ 0 are viewing and solar azimuthal angles, respectively; τ λ is the wavelength dependent optical depth of atmosphere above the surface and ρ λ (Ω, Ω 0 ) is the surface BRF. The exponential factors describe the attenuation of incoming and reflected solar radiation. Due to the Forbes effect (Ohvril et al., 1999) , the total attenuation can be smaller than Eq. (1) predicts.
Here this effect is neglected, i.e., it is assumed that the attenuation is described by the optical thickness . Finally, D λ represents the diffuse radiation due to multiple scattering in atmosphere caused by the incoming and surface reflected radiation as well as surfaceatmosphere multiple scattering. At λ=680 nm, a typical green leaf absorbs about 95% (Gates et al., 1965) of radiation and thus canopy BRF is low, and the atmospheric contribution to the total TOA BRF, R 680 , therefore dominates. Conversely, green leaves absorb less than 10% (Gates et al., 1965) of the incoming radiation at λ=780 nm. The 3 surface contribution is consequently increased while the atmospheric contribution does not change much compared to 680 nm. As a result, the atmospheric contribution to the TOA BRF at 680 nm exceeds that at 780 nm many times.
There are two remarkable features of the EPIC O2 B-band channel images. First, due to oxygen absorption in the earth atmosphere, the diffuse radiation D λ , is substantially reduced, i.e., as the first approximation, we can assume that
Second, the BRF of the vegetation reaches its maximum values in the backscattering directions, i.e., when Ω 0 ≈ -Ω. This is the so-called hot spot effect: a sharp increase in canopy reflected radiation when scattering direction approaches the backward direction to the sun (e.g., Ross and Marshak, 1989; Kuusk, 1991; Qin et al., 1996) . The EPIC sensor therefore sees the brightest portion of the canopy reflected radiation. TOA BRF in the near retro-illumination direction is
While the properties of the reflected radiation at the RGB (443, 551, 680 nm) and NIR (780 nm) channels have been well studied for many years, the properties of the reflected radiation from vegetated surface at the O2 absorbing channels are less known. For the dense vegetation at the area of interest in Fig. 1 , the simple ratio SR = R 780 /R 680 ≈ 5.6±0.2, while for absorbing channels, because of a stronger absorption at the O2 A-band than at the B-band, this ratio is almost twice smaller, i.e., R 764 /R 688 ≈ 2.9±0.1. Based on Eqs.
(2)-(3), , as observed in Fig. 1 . This confirms that while the TOA simple ratio based on the standard red and NIR bands is largely driven by surface properties (biased by scattering atmosphere), the ratio of the O2 B to A-bands is strongly influenced by the O2 absorbing properties.
Note that fluorescence emission by vegetation may also enhance the apparent reflectance of vegetation at the O2 absorption band. However, the maximum signal from fluorescence in the O2 B-band is about 1 mW/m 2 /nm/sr (see Fig. 1 in Joiner et al., 2016) which is well within EPIC calibration uncertainties. Moreover, since it emits at most to a few percent (French, 1960 , Gates et al., 1965 , the fluorescence has negligible effect on the shape of the leaf reflectance spectrum, e.g., the jump in the red edge. The jump is the key feature of the vegetation BRF that makes the NDVI a reliable indicator of the presence of vegetation. The paper shows that at-senor 780&688 NDVI is more sensitive to the presence of vegetation compared to its 780&680 NDVI counterpart.
A brief excurse into the spectral invariant theory in vegetated canopy and its application to EPIC observations
The spectral surface BRF of dense vegetation such as equatorial forests can be represented as
The coefficient K is the Directional Area Scattering Factor (DASF), defined as the canopy BRF with non-absorbing Lambertian leaves (Knyazikhin et al., 2013) . This wavelength independent variable is determined entirely by canopy geometrical properties such as shape and size of the tree crowns, spatial distribution of trees on the ground and withincrown foliage arrangement. The canopy BRF to K ratio ( ) is the canopy scattering coefficient; it is an estimate of the fraction of the canopy intercepted radiation that has been reflected from, or diffusely transmitted through, canopy. The spectral behavior of is mainly determined by the absorption properties of leaf biochemical 6 constituents and canopy structure. Lewis and Disney (2007) found that the scattering coefficient could be approximated as (6) where the wavelength independent parameter p, called the recollision probability, depends on the canopy structural organization, and is related to absorption spectrum, , of leaf biochemical constituents as ( ). In the spectral range between 500 and 800 nm the leaf chlorophyll and dry matter mainly absorb radiation. The former varies with wavelength whereas the latter is flat, i.e., . Here is the chlorophyll absorption spectrum, is its concentration and represents the total absorption coefficient of dry matter. The spectrum of can be parameterized as
Thus the spectral variation of the scattering coefficient W λ is fully determined by the chlorophyll absorption spectrum. Various spectral indices defined in the 500-800 nm spectral range therefore are determined by the spectral properties of the chlorophyll absorption.
Note that multiplying Eq. (6) by K and using Eq. (5) we can see (e.g., Huang et al., 2007; Lewis and Disney, 2007, Knyazikhin et al., 2011; Marshak et al., 2011) that it is identical to
i.e., for dense vegetation the ratio is linearly related to for wavelengths between 500 and 800 nm. The slope, p, and the intercept,
of this linear relationship depend on both and β. The ratio, ( ) ( ) ( ), however, becomes independent on the concentrations and β and results in the directional area scattering factor (Knyazikhin et al., 2013) . This property underlies a simple algorithm to decompose canopy spectral BRF, , into structural, K, and radiometric wavelengthdependent component .
Next multiplying both parts of Eq. (8) by ( ) and using Eq.
(3), we get
where ( ) . We applied Eq. (10) directly to known TOA BRF and instead of unknown surface BRF and at two wavelengths λ [NIR (780 nm) and green (551 nm)] to, first, calculate slope and intercept of a line connecting two points, ( ), 551 nm, 780 nm, and, second, to obtain an estimate, ̃, of the coefficient K. Numerical analyses suggest that ̃ is weakly sensitive to the variability of the atmospheric optical depth (e.g., =0.1 leads to a less than 2% increase in ̃) if D Aλ ≈ 0.
In this case Eq. (10) provides an estimate of spectrally independent parameter K which is proportional to its true value and independent on chlorophyll concentration and absorption coefficient β. An increase of introduces dependency on and β into ̃, making it more uncertain. Finally we note that though , much stronger atmospheric absorption at the O2 Aband causes a significant distortion of the spectral shape of the scattering coefficient near 764 nm.
Since atmospherically corrected EPIC surface BRF is not yet available, in Fig. 3 we used the atmospherically corrected Multi-angle Imaging SpectroRadiometer (MISR) surface BRF, ρ λ , over the same forested area and the same sun-sensor geometry as in Fig. 2 10 To summarize Figs. 2 and 3 , the estimate ̃ of the scattering coefficient at λ = 551, 688 and 780 nm (but not at λ = 680 nm) can be well approximated by the chlorophyll absorption spectrum. Because chlorophyll absorption is the only absorbing leaf constituent, radiation reflected by dense vegetation and passed through the atmosphere at these wavelengths is very sensitive to the presence of vegetation: indeed, forests can be seen even through thin clouds.
Chlorophyll absorption spectrum and NDVI
The above examples indicate that impact of the atmosphere on the TOA BRF, , minimally impacts the relationship between the scattering coefficient and chlorophyll absorption spectrum at λ = 688 and 780 nm. The Normalized Difference Vegetation Index (NDVI) is
the key indicator of the presence of the chlorophyll in remote sensing. The EPIC NDVI is defined as (12) Here is the simple ratio between the TOA BRF at the NIR and red channels.
If the atmospheric impact is small, the NDVI is mainly determined by the chlorophyll concentration, α, and canopy structural organization. We will show below that impact of the atmosphere is smaller if the EPIC O2 B-band channel (688 nm) is used instead of the EPIC red channel (680 nm). We start with the simple ratio; it can be approximated as
The ratio between ln(SR) and the known difference k Chred is determined by the chlorophyll concentration, α. Note that ≈ 0, i.e., the NIR absorption coefficient .
The approximation (13c) to (13d) is based on the fact that k ChNIR ≈ 0. The approximation between (13b) and (13c) is based on Eq. (6) if one neglects the ratio (1-pω 0red )/(1-pω 0NIR ).
The approximation between (13a) and (13b) is based on two assumptions. First, it ignores the attenuation by the Earth atmosphere in both channels, [exp(-2τ λ /μ)]. Second, it ignores the contribution of multiple scattering (diffuse radiation: D NIR and D red ). Note that the second assumption is much better met with the 688-nm channel than with the 680-nm one.
Regarding neglecting the ratio ( ) ( ) we note that the right hand side of Eq. (6) can be approximated as ( ) ( ) , where the power m depends on p and chlorophyll concentration, α. This approximation is very accurate for weakly absorbing wavelengths (Yang et al., 2016) . Lewis and Disney (2007) used this approximation for all wavelengths and found that a large portion of variation in is due to variation in m. It follows from here that ( ) is proportional to the chlorophyll absorption spectrum in the range between 500 and about 800 nm, which is a strong indication of the presence of green leaves. Fig. 1 (left panel) . The use of the O2 B-band enhances the sensitivity of the TOA NDVI to the presence of vegetation.
To illustrate the above points, Fig. 4 -19.7458922,42.9011667,3283813m/data=!3m1!1e3) that is partly covered by clouds in the RGB image at the left panel (it could also be affected by an imperfect geolocation between the two images). In addition, note that the vegetated areas in West Africa (e.g. Ghana, Liberia, Sierra-Leone) are clearly observed with the new NDVI at the right panel. This is because the 780&688 NDVI better corresponds to the chlorophyll absorption spectrum compared to its 780&680 counterpart. In other words, the use of O2 B-band enhances the sensitivity of the TOA NDVI to the presence of vegetation.
To conclude, the 780&688 NDVI is closer to the atmospherically corrected NDVI than its standard 780&680 counterpart. This is a consequence that the atmosphere minimally impacts the relationship between the scattering coefficient W λ and the chlorophyll spectrum A λ ; the later is the key indicator of green leaves. Note that the relationship (6) for W λ takes place if and only if the chlorophyll is present.
Finally, Fig. 5 shows the enhanced RGB image taken on Sep-23-2015 at 13:52 GMT and corresponding false color image (688-551-680) of the scattering coefficient W λ . This image suggests that the relationships for vegetated surfaces shown in Fig. 2 and discussed in Sect. 3 holds globally, making the TOA 780&688 NDVI more sensitive to the presence of vegetation even in case of aerosol and thin-cloud contamination. 
Summary
The EPIC onboard DSCOVR spacecraft is located at the Earth-Sun L1 point (~1.5 mln km et al., 2013), a purely canopy structural variable, is only weakly sensitive to the uncertainties in the spectral properties of the atmospheric optical depth τ λ above the canopy. The coefficient K is estimated as the ratio between the intercept and 1-slope as stated in Eqs. (9) and (10). The spectral scattering coefficient W λ , from the other hand, is fully determined by the chlorophyll absorption spectrum and can be estimated from the TOA BRF and the approximated coefficient K using Eq. (5). We demonstrated (Figs. 2 and 3) that the approximated values of W λ at λ = 551, 688 and 780 nm fit the spectral shape of the 'true' scattering coefficient over dense vegetation (see Eq. (6) over Africa where we can clearly see that the 780&688 NDVI better identifies patterns of dense vegetation compared to the 780&680 NDVI. This is because without an accurate atmospheric correction the 780&688 NDVI is more sensitive to the presence of the chlorophyll then the standard 780&680 one. Equation (13) uses the simple ratio between the two TOA BRFs at NIR and red to formally support this conclusion. Finally, Fig. 5 complements Fig. 2 and suggests that the above approach can be extended to the global scale.
